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This work investigates eﬀective CO2 storage capacity of a ﬁeld case example, the Ketzin
reservoir (CO2SINK) in Germany with highly heterogeneous permeability and porosity.
The present concept of storage capacity coeﬃcients is brieﬂy explained and then extended
to widen the usability in the long term. A basecase incorporating the latest geological
model is deﬁned, for which storage capacity coeﬃcients are given in the course of time.
The eﬀective storage capacity C for a injection of 60000 tons of CO2 is 5.7 per mill in terms
of pore volume. A sensitivity study on the Net-to-Gross ratio shows, that the applicability
of the ﬁnal eﬀective storage capacity coeﬃcient is limited here. All realisations show about
the same eﬀective storage capacity C. However, the location of the CO2 mass and the
mobility (mobile/immobile gas) varies with the N/G ratio. For increasing N/G ratio,
more mobile CO2 mass stays in the sand channels.
1. INTRODUCTION
The variety of approaches and methodologies to assess CO2 storage capacity is large,
as outlined by Bachu et al. (2007). As a consequence, the estimates of storage capacity
vary widely and even conﬂict with each other. In an attempt to consider several as-
pects of CO2 storage capacity, e.g. process-dependent time scales, diﬀerent spatial scales
(basin, regional, local, or site scale), assessment methods, and diﬀerent geological storage
settings, Bachu et al. (2007) propose using the concept of Resource-Reserve Pyramids.
Out of several Pyramids deﬁned therein, we refer here to the Techno-Economic Resource-
Reserve Pyramid, which reﬂects the degree of uncertainty together with the economic
feasibility associated with a capacity estimate by its place on the Pyramid. The ‘eﬀec-
tive storage capacity’ reﬂects therein the part of the total space which can practically be
used for storage considering geological and engineering constraints. Economic aspects,
as well as legal, regulatory and infrastructure aspects are still neglected at this level of
the Pyramid and are not part of this study. Numerical reservoir simulation can assists
in the estimation of the eﬀective storage capacity, but is of course constraint by data
quantity and distribution. It is not possible to give a general estimate of storage capacity
just by looking at the reservoir size. Several geological and engineering reasons inﬂuence
storage capacity of a reservoir, for instance absolute and relative reservoir permeability,
permeability heterogeneity, reservoir depth, temperature, salinity, as well as the size of
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the trapping structure (e.g. anticline and position of spill point), injection well location
and screening depth. In the following, we give storage capacity coeﬃcients, based on pre-
vious work by (Doughty et al., 2001), for the Ketzin reservoir (Germany) of the CO2SINK
project. This highly heterogeneous formation is well explored and a geological model has
been built reﬂecting the reservoirs muddy ﬂood-plain-facies rocks alternating with sandy
string-facies rocks (Fo¨rster et al. (2006), Frykman et al. (2006)). The numerical simulator
ECLIPSE300 with the CO2STORE-Option (Schlumberger, 2008) is used to simulate ﬂow
and transport processes in a heterogeneous medium on the short to medium time scale.
2. DEFINITION OF STORAGE CAPACITY
Storage capacity is generally understood as the total amount of CO2 that can be in-
jected and stored in the pores of a subsurface reservoir. The pore volume represents the
maximum space available for a reservoir of deﬁne size. Eﬀective storage capacity how-
ever, as it is deﬁned in the following, is the fraction of the total storage formation volume
(Vtotal =
∫∫∫
dxdydz) that can be utilised for storage. Consequently, the eﬀective capac-
ity coeﬃcient C as deﬁned by Doughty et al. (2001), ranges between zero (no storage
is possible) to the average formation porosity (all theoretically accessible pore volume is
occupied by CO2). It can be calculated as product of four adimensional factors
C = Ci · Cg · Ch · φavg, C ∈ {0,φavg}, (1)
where Ci is the intrinsic capacity coeﬃcient, Cg is the geometric capacity coeﬃcient,
Ch is the heterogeneity capacity coeﬃcient, and φavg is average formation porosity. The
intrinsic capacity coeﬃcient Ci is deﬁned as the sum of the fraction of pore space that is
occupied by the CO2 phase (Cig) and the fraction of the pore space that dissolved CO2
would occupy if it was converted to the gas phase (Cil). The intrinsic capacity coeﬃcient
Cig can be estimated as the average gas saturation Sg of the CO2 plume. The coeﬃcient
Cil is estimated by Cil ∼= Sl · Xgl · lg , where Sl is the average liquid saturation, X
g
l the
average mass fraction of gas dissolved in the liquid phase [kg/kg], and  is mass density
[kg/m3]. Parameters and variables Sg, Sl, X
g
l ,  are averaged within the CO2 plume.
The geometric capacity coeﬃcient Cg accounts for the reduction of storage capacity by
partially penetrating wells, gravity segregation and dipping aquifers. It is deﬁned here
as the volume fraction of the entire pore space, occupied by gas, divided by the entire
available pore space of the reservoir. The heterogeneity capacity coeﬃcient Ch accounts
for heterogeneities in absolute permeability, leading to a further reduction or increase in
accessible storage capacity. Figure 1 (Left to Center-Right) illustrates the storage capacity
coeﬃcients deﬁned so far.
For investigations of CO2 storage capacity coeﬃcients on large time scales the deﬁnition
given by Doughty et al. (2001) is extended. This is to account for the fact, that after tens
to hundreds of years, the pore volume ﬁlled with gas is diﬀerent (considerably smaller)
than the pore volume ﬁlled with brine having a dissolved CO2 load (see Figure 1 (Right)).
Consequently, the geometric capacity coeﬃcient Cg is split into two coeﬃcients, Cgg and
Cgl, and intrinsic capacity coeﬃcients Cig and Cil are averaged over the respective pore
volume fraction. This is, Cig is averaged over the pore volume occupied by gas (Cgg),
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Figure 1. Estimation of storage capacity coeﬃcients depending on model complexity
(after Doughty et al. (2001)); blue colour indicates water phase, yellow colour gas phase
and red colour CO2 dissolved in brine. Left: Estimation of intrinsic storage capacity
coeﬃcient (Ci) in a gravitation free, homogeneous reservoir (Cg = Ch = 1). Saturations
etc. are averaged within the yellow area. Left-Centre: Estimation of the intrinsic (Ci)
and geometric (Cg) storage capacity coeﬃcients in a homogeneous reservoir (Ch = 1).
Coeﬃcient Cg is equivalent to the ratio of the yellow area to the blue area. Right-Centre:
Estimation of the intrinsic (Ci), geometric (Cg), and heterogeneity (Ch) storage capacity
coeﬃcients in a heterogeneous reservoir. Note that in the latter case, only the product
of Cg and Ch can be estimated (that is the ratio of the yellow area to the blue area),
since individual contributions can not be identiﬁed. Right: Volumetric share (yellow) and
dissolved share (yellow+red) according to Equation 2.
whereas Cil is averaged over the pore volume occupied by brine with dissolved CO2 load
(Cgl). Since in a complex heterogeneous reservoir no individual estimation on Cg and Ch
can be made, the capacity coeﬃcient Ch is also split into two new coeﬃcients, Chg and
Chl. This leads to the following extended deﬁnition of storage capacity coeﬃcient C
C = Cig · (Cgg · Chg) · φ︸ ︷︷ ︸
volumetic share
+Cil · (Cgl · Chl) · φ︸ ︷︷ ︸
dissolved share
(2)
Note that resulting C, as given by Equations 1 and 2, is equal. Individual capacity
coeﬃcients leading to the resulting C however, are displayed diﬀerently. Having calculated
the eﬀective storage capacity coeﬃcient, the eﬀectively stored CO2 mass, Meﬀ, can be
calculated by multiplication with CO2 density and total geometric reservoir volume (bulk
volume). Total geometric reservoir volume is used here, since average reservoir porosity
and irreducible liquid saturation (inherently) are included in the coeﬃcient C.
Meﬀ = C · Vtotal · CO2(T, p). (3)
Note that carbon density changes with time, since it is generally dependent on chang-
ing pressure and temperature conditions. Moreover, C changes with time due to CO2
injection, plume migration and state of the CO2 (free-phase, dissolved, chemically bound,
etc.) and thus due to changing storage capacity coeﬃcients. Consequently, Meﬀ is time
dependent and always equal to the accumulated CO2 mass in the storage reservoir. For
more detailed information on the deﬁnition of storage capacity coeﬃcients see Probst
(2008) and Kopp et al. (2009).
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Figure 2. Facies model showing ﬂood-plain-facies rocks alternating with sandy string-
facies rocks (top-left), eﬀective porosity [-] (top-right) and intrinsic permeability [mD]
model (bottom-left) for the Ketzin reservoir base case. Carbon dioxide saturation is shown
after 100 years modelling time (bottom-right). Location of the injection and observation
wells is indicated at the ﬂank of the dome. The surface shown is not the reservoir pierced
by the injection well, that is CO2 is injected into the high permeable sand channels.
3. NUMERICAL EXPERIMENT
Carbon dioxide storage capacity coeﬃcients are estimated in a ﬁeld case example, the
Ketzin reservoir of the CO2SINK project (http://www.co2sink.org). The Stuttgart for-
mation of the Ketzin reservoir comprises muddy ﬂood-plain-facies rocks alternating with
sandy string-facies rocks of good reservoir properties that may attain a thickness of several
tens of meters, where sub-channels are stacked (Fo¨rster et al., 2006). Extensive surveys
(seismic proﬁles, stratigraphic and lithological information) and the three boreholes (one
injection well and two observation wells) conﬁrm these assumptions and the information
from all measurements provide a basis for the facies and petrophysical modelling (Fryk-
man et al., 2006). Figure 2 shows the reservoir and the location of the injection and
observation wells. Also shown in Figure 2 is the CO2 saturation after 100 years model
time where carbon dioxide accumulates below the caprock at the top of the dome-shaped
formation.
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The reservoir is located at a depth of about 600 m below ground surface, which might
lead to a change of state of the injected CO2, for instance liquid/supercritical CO2 changes
to gaseous state. For the investigations a continuous CO2 injection at a rate of 86.4
tons/day over a timespan of nearly 2 years is assumed, that is a total mass of 60000 tons
of pure CO2. The fracture pressure of the overlying caprock is never exceeded in the
simulations. For a detailed description of the simulation model see Probst (2008). The
author gives detailed results on eﬀective storage capacity coeﬃcients based on extensive
sensitivity analyses investigating diﬀerent Net-to-Gross ratios, injection regimes, brine
salinity and relative permeability relations, along with a thorough grid convergence study
focusing on CO2 gravity override. To investigate storage capacity coeﬃcients, reservoir
size needs to be deﬁned. One way to deﬁne reservoir size could be to select the volume
within the sand channels above a spill point contour. Since the Ketzin reservoir does
not have a spill point at shallower depth than the injection well and the injected CO2
mass is to small to ﬁll the entire anticline, we selected to choose the contour line of the
lowest slotted liner perforation in the injection well to limit reservoir size. It is also found
that a considerable amount of CO2 enter the ﬂoodplain facies, therefore the sand channel
volume and the ﬂoodplain volume is selected as reservoir. This cap (all volume above
slotted liner contour line) has a volume of 92.8 · 106 m3. Only one per mill of the total
injected CO2 mass leaves this cap after one hundred years, which is due to numerical
diﬀusion of dissolved CO2. This indicates that this cap is the reservoir volume utilised
for storage.
3.1. Results
In Figure 3 (left) the partitioning of the injected CO2 mass in mobile CO2 (gas phase),
dissolved CO2 in brine and trapped CO2 (gas phase below residual gas saturation) versus
time is shown. It is further distinguished between CO2 located in the ﬂoodplain-facies
rocks and in the sandy string-facies rocks (channels). More than 75% of the injected CO2
are mobile at injection shut-in (after 2 years); of this mobile CO2 more than 80% are
located in the channel facies. The mobile CO2 fraction decreases then with time due to
dissolution. After 12 years, more CO2 mass is dissolved in brine than mobile. Carbon
dioxide mass dissolved in brine is overestimated here, which is due to a coarse computa-
tional grid. A smaller cell size would reduce CO2 mass dissolved in brine. However, due
to already high computational cost, a ﬁner grid cannot be realised. After 100 years only
a small amount of mobile CO2 mass is left within the channel facies, whereas the amount
of mobile CO2 in the ﬂoodplain is still increasing. Interesting to notice, that the mass of
trapped CO2 is decreasing again. This is due to the reimbibition process of freshwater
into gas ﬁlled pore volume and dissolution of trapped CO2.
When looking at the average saturation in Figure 3 (centre), a continuous increase of
CO2 saturation within the gas ﬂooded pore volume is apparent up to injection shut-in.
Simultaneously, the average liquid saturation is decreasing. After shut-in the reverse eﬀect
occurs due to dissolution of gaseous CO2. The average mass fraction of CO2 dissolved
in brine increases also up to injection shut-in and decreases then. This occurs despite a
continuous dissolution process and increase of dissolved CO2 mass due to an increase in
the pore volume where brine with CO2 load is found (which serves as the basis for volume
averaging).
A. Kopp et al. / Energy Procedia 1 (2009) 2863–2870 2867
0,0E+00
1,0E+07
2,0E+07
3,0E+07
4,0E+07
5,0E+07
6,0E+07
7,0E+07
8,0E+07
9,0E+07
1,0E+08
0,01 0,1 1 10 100
Simulation Time [Years]
M
as
s 
CO
2 
[kg
]
Mobile CO2 (field)
Mobile CO2 (Channel)
Mobile CO2 (Floodplain)
Dissolved CO2 (field)
Dissolved CO2 (Channel)
Dissolved CO2 (Floodplain)
Trapped CO2 (field)
Trapped CO2 (Channel)
Trapped CO2 (floodplain)
Injection 
Stop
0
0,2
0,4
0,6
0,8
1
0,01 0,1 1 10 100
Simulation Time [Years]
Sa
tu
ra
tio
n 
[-]
0
0,002
0,004
0,006
0,008
0,01
0,012
M
as
s 
fra
ct
io
n 
of
 C
O
2 
in
 
br
in
e 
[kg
/kg
]S gas
S liquid
X CO2, l
Injection 
Stop
0
0,0002
0,0004
0,0006
0,0008
0,001
0,0012
0,01 0,1 1 10 100
Simulation Time [Years]
Ca
pa
ci
ty
 P
ar
am
et
er
s 
[-]
volumetric share
dissolved share
effect. Capacity C
Injection 
Stop
Figure 3. Left: Mobile, residual and dissolved mass for the ﬁeld and their partitioning
between the facies sand-channel and ﬂoodplain. Centre: Variation of average mass fraction
of CO2 in brine, average gas and water saturation. Note that the saturations do not
add up to one, since they are averaged over diﬀerent areas (c.f. Section 2). Right:
Volumetric share, dissolved share and eﬀective capacity C; after shut-in, the volumetric
share increases only for a very short period of time, whereas the dissolution process goes
on for the entire simulation period.
Summarising, variation of the eﬀective storage capacity coeﬃcient with time is given in
Figure 3 along with the associated volumetric and dissolved shares (c.f. Equation 2). The
dissolved share is continuously increasing with time. The volumetric share increases until
shortly after injection stop, and decreases then until stop of simulation. The sum of both,
the eﬀective capacity C, increases up to 20 years, that is up to 18 years after injection
stop, and decreases then. Note that Meﬀ (c.f. Equation 3) is constantly 60 000 tons after
injection shut-in. The variation of C with time after injection shut-in is due to density
eﬀects and due to the delimination of the dissolved CO2 front. Note that average CO2
density can increase, despite gaseous CO2 is moving towards the caprock. This is due to
the fact, that the density of the dissolved CO2 is incorporated (as if it were gaseous) into
the averaging process of g (c.f. deﬁnition of Cil).
A sensitivity study is conducted to investigate the eﬀect of varying Net-to-Gross (N/G)
ratios on the eﬀective storage capacity coeﬃcients. The property N/G is deﬁed as the
percentage of sand channels in the whole ﬁeld, which is surrounded by the ﬂoodplain
facies. The N/G ratio of the basecase discussed so far is 41.16%. The N/G ratio is
varied now between 30 and 50%, which represents the bandwidth of uncertainty. The
upscaled facies logs in the injection well and in the observation wells are retained in all
realisations. The pore volume increases with increasing channel facies. Figure 4 shows
eﬀective capacity coeﬃcients and mobile and immobile CO2 mass.
Eﬀective storage capacity C changes very little with varying N/G ratio. This means,
that the fraction of the total (bulk) aquifer volume that is used for storage is almost
identical (as is average CO2 mass density, since Meﬀ is equal and Equation 3 holds).
The interesting diﬀerence can be found in the location of the CO2 mass and the mobility
(mobile/immobile). As Figure 4 shows, the larger the N/G ratio, the less mass of immobile
CO2 is located in the ﬂoodplains. This can be considered as safely stored CO2. In contrast,
the larger the N/G ratio, the more mass of mobile CO2 can be found in the sand channels.
This mobile CO2 in the highly permeable sand channels is of interest for the long term
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Figure 4. Eﬀective storage capacity C (left), cumulative immobile/residually trapped CO2
(middle) and cumulative mobile CO2 in the sand channels and in the ﬂoodplain facies for
a variety of diﬀerent N/G ratios.
monitoring.
4. CONCLUSIONS
This work focused on the estimation of storage capacity coeﬃcients in a complex ﬁeld
case example, the Ketzin reservoir (CO2SINK) in Germany. We may summarise in the
following:
For the highly heterogeneous Ketzin reservoir, considering the deﬁnition of the reser-
voir volume potentially available for CO2 storage and the injection regime of only
60.000 tons of CO2 injected within almost two years, the estimated storage capacity
coeﬃcient C is 0.6 per mill in terms of bulk volume and 5.7 per mill in terms of
pore volume. The location of the injected CO2 could be shown over time, that is
CO2 mass located in the ﬂoodplain-facies rocks and in the sandy string-facies rocks.
Furthermore, the partitioning of the injected CO2 mass in mobile CO2 (gas phase),
dissolved CO2 in brine and trapped CO2 (gas phase below residual gas saturation)
fractions versus time is shown.
Eﬀective storage capacity C changes here very little with varying N/G ratio. It
is thus not a suﬃcient measure to investigate storage capacity dependent on this
uncertain property. It is found that the location of the CO2 mass and the mobility
(mobile/immobile gas) varies with the N/G ratio. For the Ketzin example, when
increasing the N/G ratio, more mobile CO2 mass stays in the sand channels (where
it is primarily injected). This mobile CO2 in the highly permeable sand channels is
of interest for the long term monitoring.
In this paper a methodology to estimate storage capacity as a fraction of the total
reservoir volume is investigated using a complex ﬁeld case example. Storage capacity
coeﬃcients vary with time and are subject to the deﬁnition of the total reservoir
volume and to the injected mass. The methodology does not give a maximum
amount of CO2 that can be stored in the reservoir. However, it is shown that only
a small fraction of the potential storage volume is utilized. By additional numerical
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simulation, a maximum storage capacity coeﬃcient Cmax could be found. But since
Cmax is dependent on multiple engineering constraints (additional wells, injection
rate, screening depth), it is an arbitrary number. To estimate local, regional or
global storage capacity, it is important to have estimates of the eﬀective storage
capacity coeﬃcients, at best dependent on reservoir properties.
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